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plasma generation device and estimates concentration of a
target component 1n the analyte gas wherein the analysis
device estimates the concentration of the target component
based on luminescence intensity of a wavelength component
corresponding to luminescence from a predetermined radi-
cal within the plasma light, and the predetermined radical 1s
different 1n atomic structure from the target component and
includes an atom or a molecule separated from the target

component.
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GAS CONCENTRATION ESTIMATION
DEVICE

TECHNICAL FIELD

The present invention relates to a gas concentration
estimation apparatus that estimates concentration of a target
component 1n an analyte gas by analyzing alight emitted

from plasma of the analyte gas, and a gas concentration
estimation method.

BACKGROUND ART

Conventionally, there 1s known a gas concentration esti-
mation apparatus that estimates concentration of a target
component 1n an analyte gas by analyzing a light emitted
from plasma of the analyte gas. For example, Japanese
Unexamined Patent Application Publication No. 1997-
304280 discloses a gas concentration estimation apparatus
of this kind.

More particularly, Japanese Unexamined Patent Applica-
tion Publication No. 1997-304280 discloses a concentration
measuring method of carbon dioxide by means of the laser
induced fluorescence method. The above described concen-
tration measuring method causes a carbon dioxide molecule
to absorb a plurality of photons at once 1n view of the fact
that 1t 1s hard to acquire a laser capable of exciting a carbon
dioxide molecule to a target energy level with absorption of
one photon.

PRIOR ART DOCUMENTS

Patent Documents

Patent Document 1: Japanese Unexamined Patent Appli-
cation Publication No. 1997-304280

THE DISCLOSURE OF THE INVENTION

Problems to be Solved by the Invention

However, the conventional gas concentration estimation
apparatus requires a special photodetector for detecting the
luminescence intensity of a wavelength component corre-
sponding to luminescence of carbon dioxide assumed as the
target component, thereby encountering a drawback of lack-
ing versatility.

The present invention has been made 1n view of the above
described problem, and it 1s an object of the present inven-
tion to realize a gas concentration estimation apparatus with
versatility 1n the gas concentration estimation apparatus that
estimates concentration of a target component 1n an analyte
gas by analyzing a light emitted from plasma in the analyte
gas.

Means for Solving the Problems

In accordance with a first aspect of the present invention,
there 1s provided a gas concentration estimation apparatus,
including: a plasma generation unit that turns an analyte gas
into a plasma state; an analysis unit that estimates concen-
tration of a target component 1n the analyte gas by analyzing
plasma light emitted from the plasma generated by the
plasma generation unit. The analysis unit 1s adapted to
estimate the concentration of the target component based on
luminescence intensity of a wavelength component corre-
sponding to luminescence from a predetermined radical
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within the plasma light. The predetermined radical 1s dii-
ferent 1n atomic structure from the target component and
includes an atom or a molecule separated from the target

component.

According to the first aspect of the present invention, the
concentration of the target component in the analyte gas 1s
estimated by analyzing the plasma light emitted from the
plasma of the analyte gas. The concentration of the target
component 1s estimated based on the luminescence intensity
of the wavelength component corresponding to the lumi-
nescence from the predetermined radical within the plasma
light. The predetermined radical 1s intended to mean a
predetermined radical different in atomic structure from the
target component and includes an atom or a molecule
separated from the target component. For example, in a case
in which carbon dioxide 1s regarded as the target component,
a CN radical including a carbon atom separated from the
carbon dioxide molecule 1s employed as the predetermined
radical.

In accordance with a second aspect of the present mnven-
tion, 1n addition to the first aspect of the present invention,
the analysis unit 1s adapted to estimate concentration of
carbon dioxide as the target component based on lumines-
cence 1ntensity of a wavelength component corresponding to
luminescence from the CN radical within the plasma light.

According to the second aspect of the present invention,
the carbon dioxide concentration 1s estimated based on the
luminescence intensity of the wavelength component corre-
sponding to the luminescence from the CN radical within the
plasma light, since, 1n a case 1 which the analyte gas
includes carbon dioxide, the luminescence intensity of the
luminescence from the CN radical included 1n the plasma
light of the analyte gas correlates with the carbon dioxide
concentration.

In accordance with a third aspect of the present invention,
an exhaust gas emitted after combustion of hydrocarbon 1s
regarded as the analyte gas and carbon dioxide 1n the analyte
gas 15 regarded as the target component, and the analysis unit
1s adapted to estimate unburned hydrocarbon concentration
in the exhaust gas, and to correct, based on the estimated
unburned hydrocarbon concentration, the carbon dioxide
concentration estimated based on the luminescence intensity
of the wavelength component corresponding to the lumi-
nescence from the CN radical.

According to the third aspect of the present invention,
using the estimation result of the unburned hydrocarbon
concentration in the exhaust gas, the carbon dioxide con-
centration estimated based on the luminescence intensity of
the wavelength component corresponding to the lumines-
cence from the CN radical 1s corrected. In a case in which
the exhaust gas includes unburned hydrocarbon, when the
analyte gas 1s turned into the plasma state, a carbon atom
separated from the hydrocarbon also produces the CN
radical. Accordingly, there 1s a concern that an error with
respect to an actual value should be included 1n the carbon
dioxide concentration estimated merely from the lumines-
cence 1ntensity of the wavelength component corresponding
to the luminescence from the CN radical. According to the
third aspect of the present invention, the carbon dioxide
concentration 1s corrected using the estimation result of the
hydrocarbon concentration 1n order to reduce the error due
to the unburned hydrocarbon.

In accordance with a fourth aspect of the present mnven-
tion, 1 addition to the third aspect of the present invention,
the analysis unit 1s adapted to estimate the unburned hydro-
carbon concentration based on the luminescence intensity of




US 10,078,053 B2

3

the wavelength component corresponding to the lumines-
cence from CH radical within the plasma light.

According to the fourth aspect of the present invention,
the unburned hydrocarbon concentration 1s estimated based
on the luminescence intensity of the wavelength component
corresponding to the luminescence from the CH radical.

In accordance with a {ifth aspect of the present invention,
in addition to any one of the second to fourth aspects of the
present invention, the analysis unit 1s adapted to estimate the
carbon dioxide concentration from the luminescence inten-
sity ol the wavelength component corresponding to the
luminescence from the CN radical based on a calibration
curve mdicative of relationship between the carbon dioxide
concentration and the luminescence intensity of the wave-

length component corresponding to the luminescence from
the CN radical.

According to the fifth aspect of the present invention, the
carbon dioxide concentration 1s estimated from the lumi-
nescence intensity of the wavelength component corre-
sponding to the luminescence from the CN radical by using
the calibration curve indicative of the relationship between
the carbon dioxide concentration and the luminescence
intensity of the wavelength component corresponding to the
luminescence from the CN radical.

In accordance with a sixth aspect of the present invention,
in addition to the first aspect of the present invention, the
analysis unit 1s adapted to estimate concentration of water
vapor as the target component based on the luminescence
intensity of the wavelength component corresponding to the
luminescence from OH radical within the plasma light.

According to the sixth aspect of the present invention, the
water vapor concentration 1s estimated based on the lumi-
nescence intensity of the wavelength component corre-
sponding to the luminescence from the OH radical, since, 1n
a case 1 which the analyte gas includes water vapor, the
luminescence intensity of the luminescence from the OH
radical included i1n the plasma light of the analyte gas
correlates with the water vapor concentration.

In accordance with a seventh aspect of the present inven-
tion, 1 addition to any one of the first to sixth aspects of the
present invention, the gas concentration estimation appara-
tus further includes a flow rate detection unit that detects
flow rate of the analyte gas flowing into a plasma region 1n
which the plasma generation unit generates the plasma, and
the analysis unit 1s adapted to correct, based on the flow rate
detected by the tlow rate detection unit, the concentration of
the target component estimated based on the luminescence
intensity of the wavelength component corresponding to the
luminescence from the predetermined radical.

According to the seventh aspect of the present invention,
the flow rate detection unit detects the flow rate of the
analyte gas flowing into the plasma region. In a case 1n
which the plasma 1s generated at a location where the gas
flows, the luminescence intensity ol the plasma light
changes depending on the tlow rate. Accordingly, there 1s a
concern that an error should be included 1n the value of the
concentration of the target component estimated based on
the luminescence intensity of the wavelength component
corresponding to the luminescence from the predetermined
radical unless the flow rate 1s considered. In order to solve
the above described problem, according to the seventh
aspect of the present mvention, the concentration of the
target component estimated based on the luminescence
intensity of the wavelength component corresponding to the
luminescence from the predetermined radical 1s corrected
using the tlow rate detected by the tlow rate detection unait.
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In accordance with an eighth aspect of the present mnven-
tion, 1 addition to any one of the first to seventh aspects of

the present invention, the gas concentration estimation appa-
ratus further includes a shield member provided upstream of
a plasma region 1 which the plasma generation unit gen-
crates the plasma with respect to a flowing direction of the
analyte gas, and adapted to partially shield the plasma
region.

According to the eighth aspect of the present invention,
the shield member for partially shielding the plasma region
1s arranged upstream of the plasma region. Accordingly, the
plasma light 1s prevented from changing in luminescence
intensity under the influence of the tlow.

In accordance with a ninth aspect of the present invention,
in addition to the eighth aspect of the present invention, the
analysis unit 1s adapted to analyze the plasma light extracted
from a region not shielded by the shield member within the
plasma region, and to estimate the concentration of the target
component 1n the analyte gas.

According to the minth aspect of the present invention, the
concentration of the target component in the analyte gas 1s
estimated by analyzing the plasma light extracted from a
region not shielded by the shield member (hereinafter,
referred to as a “non-shielded region”) within the plasma
region. In a case 1n which a time series variation of the
concentration of the target component 1s to be estimated at
a location where the gas tlows, the variation of the concen-
tration in the region shielded by the shield member will not
sufliciently follow the variation of the concentration of the
bulk flow. According to the ninth aspect of the present
invention, the plasma light of the non-shielded region 1is
extracted in order to estimate the concentration of the target
component since the shield member suppresses the intluence
of the flow to some extent and the variation of the concen-
tration 1n the non-shielded region follows the variation of the
concentration of the bulk tlow to some extent.

In accordance with a tenth aspect of the present invention,
there 1s provided a gas concentration estimation method
including: plasma generation step of turning an analyte gas
into a plasma state; and an analysis step ol analyzing a
plasma light emitted from plasma generated 1n the plasma
generation step, and estimating concentration of a target
component in the analyte gas. In the analysis step, the
concentration of the target component i1s estimated based on
luminescence intensity of a wavelength component corre-
sponding to luminescence from a predetermined radical
within the plasma light. The predetermined radical 1s dif-
ferent 1n atomic structure from the target component and
includes an atom or a molecule separated from the target
component.

According to the tenth aspect of the present 1vention,
similarly to the first aspect of the present invention, the
concentration of the target component 1s estimated based on
the luminescence intensity of the wavelength component
corresponding to the luminescence from a predetermined
radical within the plasma light. The predetermined radical 1s
different 1n atomic structure from the target component and
includes an atom or a molecule separated from the target
component.

Eftect of the Invention

According to the present invention, the concentration of
the target component 1s estimated based on the luminescence
intensity of the wavelength component corresponding to the
luminescence, not from the target component, but from the
predetermined radical different in atomic structure from the
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target component and including an atom or a molecule
separated from the target component. Accordingly, for
example, 1n a case 1 which carbon dioxide 1s regarded as the
target component, it 1s possible to employ a general purpose
photodetector 1n order to detect the luminescence intensity
of the wavelength component corresponding to the lumi-
nescence from the CN radical. Therefore, 1t 1s possible to
realize a gas concentration estimation apparatus with ver-
satility.

Furthermore, according to the third aspect of the present
invention, the carbon dioxide concentration estimated based
on the luminescence intensity of the wavelength component
corresponding to the luminescence from the CN radical 1s
corrected using the estimation result of the hydrocarbon
concentration for the purpose of reducing the error due to
unburned hydrocarbon. Accordingly, 1t 1s possible to
improve estimation accuracy of the carbon dioxide concen-
tration 1n the exhaust gas that includes hydrocarbon.

Furthermore, according to the seventh aspect of the pres-
ent mvention, since the luminescence itensity of the plasma
light changes depending on the flow rate of the analyte gas,
the concentration of the target component estimated based
on the luminescence intensity of the wavelength component
corresponding to the luminescence from the predetermined
radical 1s corrected using the detected flow rate of the
analyte gas. Accordingly, 1t 1s possible to improve estimation
accuracy of the concentration of the target component at a
location where the gas flows.

Furthermore, according to the eighth aspect of the present
invention, since the shield member that partially shields the
plasma region 1s provided upstream of the plasma region, the
luminescence intensity of the plasma light 1s prevented from
changing under the influence of the tlow. Accordingly, it 1s

possible to improve estimation accuracy of the concentration
of the target component at a location where the gas flows.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic configuration diagram of a gas
concentration estimation apparatus according to an embodi-
ment;

FI1G. 2 1s a schematic configuration diagram of a main part
of the gas concentration estimation apparatus according to
the embodiment;

FIG. 3 1s a time chart of a discharge signal and a
microwave drive signal according to the embodiment;

FIG. 4 1s a diagram of a calibration curve indicative of
relationship between carbon dioxide concentration and
luminescence intensity of a wavelength component corre-
sponding to luminescence from a CN radical;

FIG. 5 1s a schematic configuration diagram of an optical
measuring device (spectroscope) according to a first modi-
fied example of the embodiment; and

FIG. 6 1s a schematic configuration diagram of a main part
of a gas concentration estimation apparatus according to a
third modified example of the embodiment.

BEST MODE FOR CARRYING OUT TH.
INVENTION

L1l

In the following, a description will be given of an embodi-
ment of the present invention with reference to the accom-
panying drawings. It should be noted that the following
embodiments are merely preferable examples, and do not
limit the scope of the present invention, applied field thereof,
or application thereof.

10

15

20

25

30

35

40

45

50

55

60

65

6

The present embodiment 1s directed to a gas concentration
estimation apparatus 10 for estimating carbon dioxide con-

centration wherein an exhaust gas from an engine 11 1s
regarded as an analyte gas and carbon dioxide 1n the analyte
gas 1s regarded as a target component. As shown 1n FIGS. 1
and 2, the gas concentration estimation apparatus 10 1is
attached to an exhaust pipe 12 of the engine 11. The gas
concentration estimation apparatus 10 1s adapted to measure
the carbon dioxide concentration in the exhaust gas flowing
through the exhaust pipe 12.

The gas concentration estimation apparatus 10 1s provided
with a plasma generation device 15 and an analysis device
16. The plasma generation device 15 constitutes a plasma
generation unit that turns the analyte gas into a plasma state.
The analysis device 16 constitutes an analysis unit that 1s
adapted to analyze plasma light emitted from plasma gen-
crated by the plasma generation device 15 and to estimate
the carbon dioxide concentration in the analyte gas.

Plasma Generation Device

The plasma generation device 135 1s provided with a high
voltage pulse generator 21, a microwave generator 22, a
mixer 23, a discharger 24, and a control device 25. The
control device 23 1s adapted to control the high voltage pulse
generator 21 and the microwave generator 22.

The high voltage pulse generator 21, upon receiving a
discharge signal from the control device 25, boosts a voltage
applied from a direct current power supply (not shown), and
generates a boosted high voltage pulse. The high voltage
pulse generator 21 outputs the high voltage pulse to the
mixer 23. The high voltage pulse 1s an impulse-like voltage
signal having a peak voltage of 6 kV to 40 kV, for example.

The microwave generator 22, upon receiving a micro-
wave drive signal from the control device 235, generates a
microwave pulse using power supplied from a direct current
power supply (not shown). As shown 1n FIG. 3, the micro-
wave generator 22 repeatedly outputs the microwave pulse
at a predetermined duty cycle during a period from the rise
to the fall of the microwave drive signal (a period of a pulse
width of the microwave drive signal). The microwave gen-
crator 22 repeatedly outputs the microwave pulse to the
mixer 23.

Although, 1n the microwave generator 22 according to the
present embodiment, a semiconductor oscillator generates
the microwave pulse, other types of oscillators such as a
magnetron may be employed 1n place of the semiconductor
oscillator.

The mixer 23 receives the high voltage pulse and the
microwave pulse at different input terminals, and outputs the
high voltage pulse and the microwave pulse to the discharger
24 from a same output terminal. The mixer 23 1s configured
to be able to mix the high voltage pulse and the microwave
pulse.

The discharger 24 1s an 1gnition plug 24, for example. The
1gnition plug 24 1s integrated with the mixer 23. The 1gnition
plug 24 1s attached to the exhaust pipe 12 so that a discharge
gap between a central electrode 24a and a ground electrode
24b should locate within the exhaust pipe 12. In the 1gnition
plug 24, an mput terminal electrically connected to the
central electrode 24a 1s electrically connected to the output
terminal of the mixer 23, though not illustrated.

The plasma generation device 15 performs a plasma
generation operation of generating microwave plasma. The
plasma generation operation 1s started when the control
device 235 outputs the discharge signal and the microwave
drive signal. As described above, the high voltage pulse
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generator 21 outputs the high voltage pulse upon receiving
the discharge signal, and the microwave generator 22 out-

puts the microwave pulse upon receiving the microwave
drive signal. The high voltage pulse and the microwave
pulse are supplied to the central electrode 244 of the 1gnition
plug 24 via the mixer 23.

In the 1gnition plug 24, a spark discharge i1s caused to
occur at the discharge gap owing to the high voltage pulse.
Furthermore, the discharge plasma generated by the spark
discharge 1s mrradiated with the microwave pulse from the
central electrode 24a. As a result of this, the discharge
plasma absorbs the microwave energy and expands, thereby
generating comparatively large microwave plasma. In a
plasma region in which the microwave plasma 1s generated,
the exhaust gas flowing through the exhaust pipe 12 1s turned
into the plasma state.

Although, according to the present embodiment, the cen-
tral electrode 24a functions as an emission antenna, the
emission antenna may be arranged adjacently to the central
clectrode 24a. In this case, the microwave pulse 1s supplied
to the emission antenna via a path other than that of the high
voltage pulse.

The microwave drive signal 1s a pulse signal having a
width of several milliseconds, for example. The microwave
generator 22 repeatedly outputs the microwave pulses at the
predetermined duty cycle during the period of the pulse
width of the microwave drive signal. During this period, as
shown 1n FIG. 3, an on-period X (X being several micro-
seconds) 1n which the microwave pulse 1s outputted and an
ofl-period Y (Y being several microseconds) in which the
microwave pulse 1s not outputted are repeated. At the central
clectrode 24a of the i1gnition plug 24, radiation and non-
radiation of the microwave pulse are repeated at the duty
cycle. As a result of this, the microwave plasma 1s main-
tained 1n a state of non-equilibrium plasma without being
turned 1nto thermal plasma.

It 1s to be noted that if the off-period Y in which the
microwave pulse 1s not outputted 1s set too long, the micro-
wave plasma will be extinguished. Therefore, the length of
the off-period Y 1s configured so that the microwave plasma
should not be extinguished before the subsequent micro-
wave pulse 1s radiated. During the plasma generation opera-
tion, the microwave plasma 1s maintained over the time
period (period 1 which the microwave pulses are repeatedly
outputted) of the pulse width of the microwave drive signal.
This time period constitutes a plasma generation period.

The plasma generation device 15 repeatedly performs the
plasma generation operation with interval of several milli-
seconds, which will be referred to as a “plasma generation
stop period”. At the discharge gap, a plasma generation state
in which the microwave plasma 1s generated and a plasma
extinction state i which the microwave plasma 1s extin-
guished are repeated. The plasma generation period and the
plasma generation stop period are repeated at a short cycle.

Analysis Device

The analysis device 16 performs an analysis operation of
analyzing the plasma light of the microwave plasma gener-
ated by the plasma generation operation. The analysis device
16 performs the analysis operation 1n synchronization with
the plasma generation operation which 1s repeated at the
short cycle.

As shown i FIGS. 1 and 2, the analysis device 16 1s
provided with an optical fiber 32, an optical measuring
device 33, and a signal processing device 34. In the analysis
device 16, the optical measuring device 33 acquires the

10

15

20

25

30

35

40

45

50

55

60

65

8

plasma light of the microwave plasma via the optical fiber
32. The optical measuring device 33 extracts a wavelength
component (388 nm) corresponding to luminescence from
the CN radical, photoelectric-converts the extracted wave-
length component into an electric signal, and outputs the
converted electric signal. The signal processing device 34
estimates the carbon dioxide concentration using the electric
signal outputted from the optical measuring device 33. As
shown 1n FIG. 2, the signal processing device 34 1s provided
with a monitor 35 that displays the carbon dioxide concen-
tration estimated by the signal processing device 34.

More particularly, the optical fiber 32 1s mounted to the
exhaust pipe 12 via a mounting member 31. The optical fiber
32 i1s mounted so that one end surface (hereinafter, referred
to as an “incident surface™) thereof should face toward the
discharge gap, which 1s to be the plasma region. The other
end of the optical fiber 32 1s connected to the optical
measuring device 33.

The optical measuring device 33 1s provided with an
optical filter 37 and a photodetector 38. The optical filter 37
1s arranged at a location which the plasma light emitted from
an emission surface of the optical fiber 32 passes through.
The optical filter 37 allows the wavelength component
corresponding to the luminescence from the CN radical to
pass therethrough, from within the plasma light emitted
thereto. The photodetector 38 1s, for example, a PMT
(PhotoMultiplier Tube). The photodetector 38 receives the
light passing through the optical filter 37. The photodetector
38 recerves the wavelength component corresponding to the
luminescence from the CN radical. The photodetector 38
outputs to the signal processing device 34 the electric signal
indicative of a voltage value corresponding to the intensity
of the recetved wavelength component, 1.e., the lumines-
cence 1ntensity of the wavelength component corresponding
to the luminescence from the CN radical. As the photode-
tector 38, an instrument other than the photomultiplier tube
may be employed as long as the time responsiveness 1s high.

The signal processing device 34 stores data of a calibra-
tion curve (see FIG. 4) indicative of relationship between the
carbon dioxide concentration and the luminescence intensity
of the wavelength component corresponding to the lumi-
nescence from the CN radical. The luminescence intensity of
the wavelength component corresponding to the lumines-
cence from the CN radical (more particularly, the voltage
value of the electric signal indicative of the luminescence
intensity of the wavelength component corresponding to the
luminescence from the CN radical) 1s measured in advance
by means of a predetermined experimental device by gradu-
ally changing the carbon dioxide concentration contained 1n
a gas which does not include any carbonaceous gas com-
ponents other than the carbon dioxide. Based on this mea-
surement result, the data of the calibration curve 1s prepared.
The data of the calibration curve shows the carbon dioxide
concentrations 1n one-to-one relationship with the voltage
values of the electric signals each indicative of the lumi-
nescence intensity ol the wavelength component corre-
sponding to the luminescence from the CN radical.

The signal processing device 34 reads a value of the
carbon dioxide concentration corresponding to the voltage
value of the electric signal outputted from the photodetector
38 based on the data of the calibration curve. The signal
processing device 34 outputs the read value of the carbon

dioxide concentration to the monitor 35.

Operation of Gas Concentration Estimation
Apparatus

The gas concentration estimation apparatus 10 repeatedly
performs a plasma generation step and an analysis step while
the engine 11 1s operating.
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In the plasma generation step, the plasma generation
device 15 generates and maintains for several milliseconds
the microwave plasma at the discharge gap. The exhaust gas,
which serves as the analyte gas, 1s turned mto the plasma
state.

In the analysis step, the analysis device 16 analyzes the
plasma light emitted from the microwave plasma generated
in the plasma generation step, and estimates the carbon
dioxide concentration in the exhaust gas. The analysis step
1s performed for each repeated plasma generation step.

In the analysis step, the wavelength component corre-
sponding to the luminescence from the CN radical 1s
extracted by the optical filter 37 from the plasma light of the
microwave plasma acquired by the optical measuring device
33, and the electric signal indicative of the luminescence
intensity of the wavelength component corresponding to the
luminescence from the CN radical 1s generated by the
photodetector 38. Then, the electric signal indicative of the
luminescence intensity of the wavelength component corre-
sponding to the luminescence from the CN radical 1s mput-
ted mto the signal processing device 34. The value of the
carbon dioxide concentration corresponding to the voltage
value of the electric signal i1s read from the data of the
calibration curve. In the signal processing device 34, the
analysis step 1s performed for each plasma generation step,
and the carbon dioxide concentration 1s estimated at the
short cycle. As a result of this, time series data with high
temporal resolution 1s created with respect to the carbon
dioxide concentration.

—y

‘ect of Embodiment

[T

According to the embodiment, the carbon dioxide con-
centration 1s estimated based on the luminescence intensity
of the wavelength component corresponding to the lumi-
nescence not from the carbon dioxide but from the CN
radical wherein the CN radical 1s different in atomic struc-
ture than the carbon dioxide and includes an atom or a
molecule separated from the carbon dioxide. Accordingly,
since a general purpose photodetector can be employed to
detect the luminescence intensity of the wavelength com-
ponent corresponding to the luminescence from the CN
radical, 1t 1s possible to realize a gas concentration estima-
tion apparatus 10 with versatility.

First Modified Example of Embodiment

According to the first modified example, the analysis
device 16 estimates the unburned hydrocarbon concentra-
tion 1n the exhaust gas, and, using the estimation result,
corrects the value of the carbon dioxide concentration which
has been estimated based on the luminescence intensity of
the wavelength component corresponding to the lumines-
cence from the CN radical (the value of the carbon dioxide
concentration which has been read from the data of the
calibration curve shown 1n FIG. 4).

In the analysis device 16, as shown 1n FIG. 5, the optical
measuring device 33 is constituted by a spectroscope 33 that
disperses the plasma light acquired via the optical fiber 32.
The optical measuring device 33 1s provided with a first
measuring part 33a that photoelectric-converts the wave-
length component corresponding to the luminescence from
the CN radical from the plasma light into a first electric
signal and outputs the first electric signal, and a second
measuring part 336 that photoelectric-converts the wave-
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length component corresponding to the luminescence from
the CH radical into a second electric signal and outputs the

second electric signal.

Each of the measuring parts 33a and 335 1s provided with
a dichroic mirror 39a or 395, an optical filter 37a or 375, and
a photodetector 38a or 38b. The dichroic mirror 39a or 395
separates the plasma light. The optical filter 37a or 37b
functions as an interference filter. The photodetector 38a or
386 1s a photomultiplier tube, similarly to the embodiment.

The signal processing device 34 stores, 1n addition to the
data of the calibration curve shown in FIG. 4 (herematfter,
referred to as “first data™), data of a calibration curve for
estimating hydrocarbon concentration (hereinafter, referred
to as “second data”). The second data 1s indicative of
relationship between the hydrocarbon concentration and
luminescence intensity of a wavelength component corre-
sponding to luminescence from the CH radical. The lumi-
nescence 1ntensity of the wavelength component corre-
sponding to the luminescence from the CH radical 1s
measured 1 advance by means of a predetermined experi-
mental device by gradually changing the hydrocarbon con-
centration contained in a gas which does not include any
carbonaceous gas components other than the hydrocarbon.
Based on this measurement result, the data of the calibration
curve 1s prepared. The second data shows the hydrocarbon
concentrations 1n one-to-one relationship with the voltage
values of the electric signals each indicative of the lumi-
nescence 1intensity of the wavelength component corre-
sponding to the luminescence from the CH radical.

The signal processing device 34 reads from the first data
a value of the carbon dioxide concentration (hereimafter,
referred to as a “first read concentration”) corresponding to
the voltage value of the first electric signal. Also, the signal
processing device 34 reads from the second data a value of
the hydrocarbon concentration (hereinafter, referred to as a
“second read concentration”) corresponding to the voltage
value of the second electric signal. The signal processing
device 34 does not output the first read concentration as the
final estimate value of the carbon dioxide concentration. The
signal processing device 34 outputs, for example, a value
acquired by subtracting the second read concentration from
the first read concentration as the final estimate value of the
carbon dioxide concentration.

Here, it 1s to be noted that the hydrocarbon concentration
may be estimated by any other method such as a total
hydrocarbon meter (total organic carbon meter) or the like.

Second Modified Example of Embodiment

According to the second modified example, the gas con-
centration estimation apparatus 10 estimates concentration
of water vapor wherein the water vapor 1n the analyte gas 1s
regarded as the target component.

The optical measuring device 33 extracts from the plasma
light of the microwave plasma a wavelength component
corresponding to luminescence from OH radical, photoelec-
tric-converts the extracted wavelength component into an
clectric signal, and outputs the electric signal. A voltage
value of the electric signal represents luminescence intensity
of the wavelength component corresponding to the lumi-
nescence from the OH radical.

The signal processing device 34 estimates the water vapor
concentration based on the electric signal outputted from the
optical measuring device 33. Here, the water vapor concen-
tration 1s estimated using data of a calibration curve indica-
tive of relationship between the water vapor concentration
and the luminescence intensity of the wavelength compo-
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nent corresponding to the luminescence from the OH radi-
cal. The signal processing device 34 estimates the water
vapor concentration based on the luminescence intensity of
the wavelength component corresponding to the lumines-
cence from the OH radical.

Third Modified Example of Embodiment

According to the third modified example, as shown 1n
FIG. 6, upstream of a plasma region 51 1n which the plasma
generation device 15 generates microwave plasma 31, a
shield member 50 1s provided for partially shielding the
plasma region 51. The shield member 50 1s an electrically
conductive member 1n a plate-like shape protruded from an
iner surface of the exhaust pipe 12. The shield member 50
1s provided adjacently to a tip end part of the 1gnition plug
24. The shield member 350 1s provided with the ground
clectrode 24b of the 1gnition plug 24. The ground electrode
24b 1s grounded via the shield member 50.

A plate-like member 52 1s provided also downstream of
the 1gnition plug 24 1n the same shape as the shield member
50. By providing the plate-like member 52, the flow between
the shield member 50 and the plate-like member 52 1s
stabilized.

The microwave plasma 51 1s generated 1n a region on a
side of the central electrode 24a between the ground elec-
trode 24b and the central electrode 24a. The microwave
plasma 51 partially protrudes from a tip end of the shield
member 50 toward a side of a central axis of the exhaust pipe
12.

According to the third modified example, the analysis
device 16 analyzes the plasma light extracted from a non-
shielded region which 1s not shielded by the shield member
50 within the plasma region 51, and estimates the concen-
tration of the target component in the analyte gas. More
particularly, a light collecting optical system having a focal
point located in the non-shielded region 1s provided on the
optical fiber 32 on the side of the exhaust pipe 12, thereby
extracting the plasma light of the non-shielded region.
According to the third modified example, the plasma light 1s
extracted to estimate the concentration of the target compo-
nent from the non-shielded region where the intluence of the
flow 1s suppressed to some extent and the concentration
varies 1n accordance with the vanation of the concentration
the bulk flow to some extent.

An upstream side surface of the shield member 50 may be
slanted 1n order to reduce turbulence of the flow in the
plasma region. In this case, the thickness of the shield
member 50 increases toward the exhaust pipe 12.

Fourth Modified Example of Embodiment

According to the fourth modified example, the analysis
device 16 1s adapted to correct the value of the carbon
dioxide concentration estimated based on the luminescence
intensity of the wavelength component corresponding to the
luminescence from the CN radical based on the flow rate of
the analyte gas flowing 1nto the plasma region in which the
plasma generation device 15 generates the plasma. The flow
rate of the analyte gas 1s detected by means of a flow rate
detection device (a flow rate detection umit) arranged
upstream of the ignition plug 24 in the exhaust pipe 12.
Here, it 1s preferable to create data of a plurality of calibra-
tion curves 1n accordance with different tflow rates of the
analyte gas flowing into the plasma region, and select the
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data of the calibration curve to be used in accordance with
the detection result of the flow rate detection device.

Other Embodiments

The embodiments described above may also be config-
ured as follows.

In the embodiments described above, the plasma genera-
tion device 15 may generate the plasma by collecting laser
light, and the plasma generation device 15 may generate the
microwave plasma by supplying microwave energy to the
plasma generated by collecting the laser light. In these cases,
the laser induced fluorescence method may be employed to
estimate the carbon dioxide concentration based on the
luminescence mtensity of the wavelength component corre-
sponding to the luminescence from the CN radical.

Furthermore, 1n the embodiments described above, the
plasma generation device 15 may generate the microwave
plasma by supplying microwave energy to thermal electrons
emitted from a thermal electron emitter such as a glow plug.

Furthermore, in the embodiments described above,
plasma generated without using microwave may be
employed to turn the analyte gas 1nto the plasma state.

Furthermore, although, in the embodiments described
above, the exhaust gas has been defined as the analyte gas,
any other types of gas such as human expired breath may be
used as the analyte gas.

INDUSTRIAL APPLICABILITY

The present invention 1s useful in relation to a gas
concentration estimation apparatus that estimates concen-
tration of a target component 1n an analyte gas by analyzing
a light emitted from plasma of the analyte gas, and a gas
concentration estimation method.

EXPLANATION OF REFERENCE NUMERALS

10 Gas Concentration Estimation Apparatus

11 Engine

12 Exhaust Pipe

15 Plasma Generation Device (Plasma Generation Unit)
16 Analysis Device (Analysis Unit)

23 Mixer

24 Discharger

32 Optical Fiber

What 1s claimed 1s:

1. A gas concentration estimation apparatus, comprising;:

an exhaust pipe of an engine, an exhaust gas flowing from
the engine into the exhaust pipe;

a plasma generation unit provided to the exhaust pipe and
configured to turn the exhaust gas into a plasma state 1n
the exhaust pipe;

an analysis unit that estimates concentration of a target
component 1n the exhaust gas by analyzing plasma light
emitted from the plasma generated by the plasma
generation unit, wherein

the analysis unit 1s adapted to estimate the concentration
of the target component based on luminescence inten-
sity of a wavelength component corresponding to lumi-
nescence from a predetermined radical within the
plasma light, the predetermined radical being different
in atomic structure from the target component and
including an atom or a molecule separated from the
target component,
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an exhaust gas emitted after combustion of hydrocarbon
1s regarded as the exhaust gas and carbon dioxide 1n the
exhaust gas 1s regarded as the target component, and
the analysis unit 1s adapted to estimate unburned hydro-
carbon concentration in the exhaust gas, and to correct,
using the estimated unburned hydrocarbon concentra-
tion, the carbon dioxide concentration estimated based
on the luminescence intensity of the wavelength com-
ponent corresponding to the luminescence from the CN
radical.
2. The gas concentration estimation apparatus according,
to claim 1, wherein
the analysis unit 1s adapted to estimate concentration of
carbon dioxide as the target component based on lumi-
nescence intensity of a wavelength component corre-
sponding to luminescence from the CN radical within
the plasma light.
3. The gas concentration estimation apparatus according
to claim 1, wherein
the analysis unit 1s adapted to estimate the unburned
hydrocarbon concentration based on the luminescence
intensity of the wavelength component corresponding
to the luminescence from CH radical within the plasma
light.
4. The gas concentration estimation apparatus according
to claim 2, wherein
the analysis unit 1s adapted to estimate the carbon dioxide
concentration from the luminescence intensity of the
wavelength component corresponding to the lumines-
cence from the CN radical based on a calibration curve
indicative of relationship between the carbon dioxide
concentration and the luminescence intensity of the
wavelength component corresponding to the lumines-
cence from the CN radical.
5. The gas concentration estimation apparatus according,
to claim 1, wherein
the analysis unit 1s adapted to estimate concentration of
water vapor as the target component based on the
luminescence intensity of the wavelength component
corresponding to the luminescence from OH radical
within the plasma light.
6. The gas concentration estimation apparatus according
to claim 1, wherein
the gas concentration estimation apparatus 1s further con-
figured to detect a tlow rate of the exhaust gas flowing
into a plasma region 1 which the plasma generation
umt generates the plasma, and
the analysis unit 1s adapted to correct, based on the flow
rate detected by the gas concentration estimation appa-
ratus, the concentration of the target component esti-
mated based on the luminescence intensity of the
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wavelength component corresponding to the lumines-
cence from the predetermined radical.

7. The gas concentration estimation apparatus according,
to claim 1, wherein

the gas concentration estimation apparatus further

includes a shield member provided upstream of a
plasma region in which the plasma generation umit
generates the plasma with respect to a flowing direction
of the exhaust gas, and adapted to partially shield the
plasma region.

8. The gas concentration estimation apparatus according,
to claim 7, wherein

the analysis unit 1s adapted to analyze the plasma light

extracted from a region not shielded by the shield
member within the plasma region, and to estimate the
concentration of the target component in the exhaust
oas.

9. The gas concentration estimation apparatus according,
to claim 1, wherein the plasma generation unit comprises a
high voltage pulse generator and a microwave generator.

10. A gas concentration estimation method, comprising:

a step ol generating an exhaust gas 1n an engine, the

exhaust gas flowing from the engine into an exhaust
pipe of the engine;

a plasma generation step of turning the exhaust gas into a

plasma state 1n the exhaust pipe;

and

an analysis step of analyzing a plasma light emitted from

plasma generated in the plasma generation step, and
estimating concentration of a target component in the
exhaust gas, wherein
in the analysis step, the concentration of the target com-
ponent 1s estimated based on luminescence itensity of
a wavelength component corresponding to lumines-
cence from a predetermined radical within the plasma
light, the predetermined radical being different 1n
atomic structure from the target component and includ-
ing an atom or a molecule separated from the target
component,
an exhaust gas emitted after combustion of hydrocarbon
1s regarded as the exhaust gas and carbon dioxide 1n the
exhaust gas 1s regarded as the target component, and

the analysis step comprises estimating unburned hydro-
carbon concentration in the exhaust gas and correcting,
using the estimated unburned hydrocarbon concentra-
tion, the carbon dioxide concentration estimated based
on the luminescence intensity of the wavelength com-
ponent corresponding to the luminescence from the CN
radical.
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